The mechanism underlying the ionophoric activity of CyPLOS (cyclic phosphate-linked oligosaccharide, 2), a carbohydrate-based synthetic ion transporter decorated with four tetraethylene glycol (TEG) chains, has been investigated by an integrated electron spin resonance (ESR) approach. The mode of interaction of the ionophore with lipid bilayers has been studied by quantitatively analyzing the perturbations in the ESR spectrum of an ad hoc synthesized spin-labeled CyPLOS analog (6), and, in parallel, in the spectra of spin-labeled lipids mixed with 2. The results point to a positioning of the cyclic saccharide backbone close to the lipid headgroups, largely exposed to the aqueous medium. The TEG chains, carrying a terminal benzyl group, are deeply inserted among the lipid acyl chains, showing good mobility and flexibility. As a consequence, the order of the acyl chain packing is significantly reduced, and water penetration in the bilayer is enhanced. The resulting asymmetric perturbation of the bilayer leads to its local destabilization, thus facilitating, through a non-specific mechanism, the ion transport through the membrane.
Introduction
Cell membranes are impermeable to small ions because considerable energy is required to transfer an ion from the aqueous phase into and through the apolar, hydrophobic interior of the lipid bilayers. Ion transport through the membranes, which is a vital function for cell survival, is guaranteed by ionophore systems operating with diverse, finely regulated mechanisms. Ions can be transported through membranes both by carrier molecules and by channels. A carrier compound is a molecule that binds the ion at one interface and transports it through the membrane as a complex. In contrast, molecules generating channels span the entire membrane, creating a tunnel-like pathway for ions [1] .
Extensive biomedical and pharmaceutical studies have been devoted to clarify how the biological ionophore machineries function at a molecular level. Further motivations for basic and applicative research in this field are connected to a number of cellular processes, carried out by ion transporters, which would be highly desirable in a biotechnological context [2] . During the past two decades, a large variety of synthetic compounds have been devised for the transport of cations, anions, and small molecules through lipid bilayers, acting as carriers or channels, and their transport properties have been evaluated [3] [4] [5] .
When a synthetic ion transporter is active within a phospholipid bilayer, the process is controlled by a number of variables [6] . Thus, besides the demonstration of the transport capabilities of a model ionophore system, a key challenge is the comprehension of its functional mechanism, from both structural and dynamic viewpoints [7, 8] .
Among the synthetic ionophores, carbohydrate-based molecules, in particular amphiphilic cyclodextrins, have received great consideration, as a consequence of their high biocompatibility, multifunctionality, and possibility of synthetic manipulation [9] . In fact, amphiphilic cyclodextrins have showed ability to insert into the cell membranes and to play roles as highly efficient artificial ionophores [10] [11] [12] .
In this framework, some of us have recently synthesized novel cyclic oligosaccharides, 4,6-linked through stable phosphodiester bonds (1a-c, Fig. 1 ), named CyPLOS (cyclic phosphate-linked oligosaccharide analogs) [13, 14] . Aiming at preparing amphiphilic macrocycles with ionophoric activity, long tentacles with different lipophilicity, e.g., n-undecyl or tetraethylene glycol (TEG) chains, were attached to the CyPLOS backbone, thus obtaining molecules with a remarkable tendency to self-aggregate [15, 16] and to interact with lipid membranes [17] .
First studies showed 2, whose molecular structure is reported in Fig. 2 , to be a very effective ionophore, able to completely discharge a pH gradient across liposomial membranes in less than 20 min at 2% ionophore concentration [17] . When investigated for selectivity in ion transport, 2 did not show a sensibly different behavior on varying the 
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Biochimica et Biophysica Acta j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / b b a m e m nature of the cation in solution; on the other hand, when tested with different anions, high transport activity was found with halogens (except fluoride), nitrate and perchlorate.
An insight into the mechanism of action of an artificial ion transporter through membranes can be achieved if suitably labeled compounds, allowing the analysis of the interactions between the ionophore and the lipid bilayer, are available. Fluorescence and ESR spectroscopy are the techniques of choice to obtain this kind of data. To this purpose, two new amphiphilic analogs of 2, respectively carrying fluorescent groups and a spin label, have been designed and synthesized.
In a previous study, a dansyl-tagged CyPLOS analog (3, Fig. 2 ) has been investigated in detail [18] . The presence of the dansyl label gave precious information on the insertion mode of the ionophore in the membrane. In particular, the ionophore appears to be active in a monomeric form with the polar macrocyclic head lying on the surface of the membrane and the four amphiphilic TEG chains shallowly inserted in the phospholipid bilayer [18] .
In order to obtain complementary data on the mechanism of action of CyPLOS analogs, a novel spin-labeled CyPLOS derivative, incorporating one TEMPO residue (6, Scheme 1), has been synthesized [19] , and the study on its interaction with phospholipid bilayers by ESR spectroscopy is here reported. In addition, we have investigated samples containing CyPLOS 2 in a mixture with spin-labeled phospholipids, with the aim to monitor the bilayer perturbation induced by the ionophore. By an integrated interpretation of the obtained results, a definitive elucidation of the CyPLOS functional mechanism within membranes is presented. 
Materials and methods

Materials
Dichloromethane and methanol, HPLC-grade solvents, were obtained from Merck (Darmstadt, Germany), while the phospholipids 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoylsn-glycero-3-phosphoglycerol (DOPG) were obtained from Avanti Polar Lipids Inc. (Birmingham, AL, USA). A PBS buffer (10 mM phosphate buffer, 137 mM NaCl, 2.7 mM KCl, pH 7.4) was obtained from Sigma-Aldrich Corporation (St. Louis, MO, USA).
Spin-labeled CyPLOS 6 was synthesized as described in Scheme 1, following a previously described procedure [19] . Azido groups in CyPLOS 4 were first converted to primary amines by reduction with the system triphenylphosphine/water, quantitatively leading to 5. Successive coupling of this substrate with stoichiometric amounts of TEMPOcarboxylic acid, in the presence of DCC as the condensing agent, led to target compound 6 (as a mixture with its 3-end labeled regioisomer) in 1:4 ratio with respect to the starting material 5, as evaluated by MALDI analysis of the reaction crude. These reaction conditions, though not leading in high yields to the functionalization with the spin label, were preferred to the use of higher amounts of TEMPO-carboxylic acid in order to prevent the formation of even traces of the bis-labeled macrocycle. This compound could in fact generate spin-exchange phenomena due to intramolecular self-association of the labels residing on spatially close TEG residues. TEMPO-derivatized macrocycle 6, as a mixture with 5, was purified from the unreacted TEMPO-carboxylic acid and the condensing agent on a Sephadex G-25 column (eluted with H 2 O/ethanol, 1:1, v/v, 65% isolation yield), and identified on the basis of ESI-MS data.
Spin-labeled phosphatidylcholines (n-PCSL, n = 5, 7, 10, 14) with the nitroxide group at different positions, n, in the sn-2 acyl chain were synthesized as described by Marsh and Watts [20, 21] . The spin-labels were stored at −20°C in ethanol solutions at a concentration of 1 mg/mL.
Sample preparation
Multi-lamellar vesicles (MLVs) of DOPC:DOPG (95:5 wt/wt) were prepared mixing appropriate amounts of DOPC and DOPG, dissolved in CH 2 Cl 2 -methanol mixture (2:1 v/v, 10 mg/mL lipid concentration), in a round-bottom test tube, according to the well-known thin-film method [22, 23] . The composition of the lipid bilayer was chosen in analogy with previous ion transport studies conducted on CyPLOS ionophores [17] . A thin lipid film was produced by evaporating the solvents with dry nitrogen gas. Final traces of solvents were removed by subjecting the sample to vacuum desiccation for at least 3 h. The samples were then hydrated with 20 μL of a CyPLOS buffer solution (10 mM Na 2 HPO 4 ·2H 2 O, 2 mM KH 2 PO 4 , 137 mM NaCl, 2.7 mM KCl) pH = 7.4, consisting of the spin-labeled CyPLOS 6 in a 20% (wt/wt) mixture with its precursor 5, at 1.0 mg/mL total CyPLOS concentration (corresponding to 6 × 10 − 4 mol kg − 1 ), and repeatedly vortexed, obtaining a MLV suspension. The sample thus obtained was transferred into a 25 μL glass capillary (ESR measurements at 298 K) or in a Suprasil Quartz tube (ESR measurements at 120 K), and immediately sealed. Spin-labeled CyPLOS to phospholipid ratio ranged between 1:2.5 and 1:2500 mol/mol. Samples containing spin-labeled phosphatidylcholines were prepared by following the same procedure, introducing 1% (wt/wt) of the spin-label, dissolved in ethanol, in the lipid organic mixture. The final lipid films were then hydrated with 20 μL of a CyPLOS 2 buffer solution in order to obtain a CyPLOS/phospholipid ratio of 1:2 wt/wt (~1:4 mol/mol).
DLS measurements, shown in Fig. ESI 1 , indicate that the presence of CyPLOS 2 does not affect the liposome morphology even at the highest ionophore to phospholipid ratio investigated in the present work. 
ESR spectroscopy
ESR spectra were recorded with a 9 GHz (X band) Bruker Elexys E-500 spectrometer (Bruker Corporation, Rheinstetten, Germany) equipped with an ER 4111 VT variable temperature unit (Bruker). All the measurements were performed at both 298 K and 120 K. For measurements at 298 K, the capillaries were placed in a standard 4 mm quartz sample tube containing light silicone oil for thermal stability. Spectra were recorded using the following instrumental settings: sweep width, 120 G; resolution, 1024 points; time constant, 20.48 ms; modulation frequency, 100 kHz; modulation amplitude, 1.0 G; and incident power, 6.37 mW. Several scans, typically 16, were accumulated to improve the signal-to-noise ratio. For measurements at 120 K, the samples were placed directly in Suprasil Quarts tube and freezed in liquid nitrogen immediately before the measurements. Spectra were recorded using the following instrumental settings: sweep width, 200 G; resolution, 1024 points; time constant, 1.28 ms; modulation frequency, 100 kHz; modulation amplitude, 1.0 G; and incident power, 19.9 mW. Several scans, typically 32, were accumulated to improve the signal-to-noise ratio.
The sample containing CyPLOS 6 in aqueous buffer was also investigated at a different microwave frequency (S band, 2-3 GHz). The S-Band ESR spectrum was recorded at 120 K with a Bruker Elexys E-500 spectrometer (Bruker Corporation, Rheinstetten, Germany), equipped with Jagmar EPR Microwave bridge SB-1111 and a loop gap resonator. An incident power of 19.9 mW was used.
ESR simulations of spectra at 120 K were performed by using the rigid limit simulation program WIN-EPR/WIN-SimFonia (Bruker EPR). They allowed the estimation of the nitrogen hyperfine coupling tensor (A xx , A yy , A zz ). In the case of the sample containing CyPLOS 6 in aqueous buffer, a best fit of X band and S band spectra were obtained with a unique set of magnetic parameters, namely the same (A xx , A yy , A zz ) values, thus providing clear evidence of their reliability [24] . The nitrogen hyperfine coupling constants depend on the features of the medium in which the nitroxide is embedded, such as polarity and H-bonding ability [25] .
Simulations of spectra at 298 K were performed by using the automatic fitting program WinMOMD [26] , and simple methods for baseline corrections [27, 28] imposing the (A xx , A yy , A zz ) values obtained at 120 K. The order parameters were computed using the software freely available on the anonymous FTP server at the Illinois ESR Research Center and DOS compiled by the authors. From a general point of view, the ESR lineshape theory is based on a generalization of the stochastic Liouville equation [29] , which can be successfully used to describe time evolution of the orientation-dependent density operator, and thereby time evolution of individual spins. Averaging this result over the ensemble of spins in the sample leads to an equation describing time evolution of the macroscopic magnetization, which affects the resulting ESR spectrum. Without entering into details of the calculation procedure, which can be found elsewhere [30] [31] [32] , only a few hints are given here.
Radicals freely tumbling in solution, such as CyPLOS 6 in aqueous buffer (see below), present a typical fast-motion ESR spectrum, from which the simulations allowed the estimation of the reorientational correlation time, τ C . This parameter is associated with the local Brownian motion of the spin label, which in turn reflects the local viscosity and the structuring of the molecules lying in the region immediately surrounding the label.
In the case of vesicle-associated spin-labeled molecules (either the spin-labeled ionophore CyPLOS 6 or spin-labeled lipids n-PCSL), one has to consider that they are preferentially oriented by the local structure of the bilayer. In MLV dispersions, lipid bilayer domains are overall distributed randomly. Consequently, the ESR spectrum can be regarded as a superposition of the spectra from all the domains. In these cases we applied the Microscopic Order Macroscopic Disorder (MOMD) model in the simulations [33] [34] [35] [36] . From the computational analysis, two sets of parameters were obtained: the best-fit parallel and perpendicular correlation times (τ ⊥ , τ ∥ ), and the order parameters (S 0 , S 2 ). The nitrogen hyperfine coupling tensor components (A xx , A yy , A zz ) were set to the values obtained from simulations of the spectra obtained at 120 K. The A tensor is defined on the label magnetic frame, whose X magn axis points along the N\O bond, see Fig. 3 , while the Z magn axis is parallel to the 2p z orbital of the nitrogen atom. The rotational motion of the label is studied in the molecular frame, whose Z mol axis lies along the TEG chain (assuming it to be in an extended conformation) of CyPLOS 6 and the acyl chain of n-PCSL. It has to be noted that the cyclic nitroxide moiety is differently oriented in these systems: it is aligned with the TEG chain in CyPLOS 6 but is perpendicular to the acyl chains in the n-PCSL. Consequently, the Z mol axis is parallel to X magn in the first case and approximately perpendicular to it in the second one. In both cases, the reorientation of the spin label moiety is anisotropic, thus parallel and perpendicular correlation times, τ ⊥ and τ ∥ , are needed to correctly describe its rotational motion around the axes perpendicular and parallel to Z mol . The Brownian model was assumed, for which:
with D i being the rotational diffusion coefficient along the i direction.
The local orientational ordering of the labeled molecule is characterized by the time-averaged order parameters S 0 and S 2 , defined with respect to a unique axis Z dir (the director normal to the bilayer plane) along which the reorienting potential acts. S 0 and S 2 can be calculated via the best-fitting potential energy parameters for a probe in a liquidcrystalline solvent [37] . S 0 is a measure of the extent of alignment of Z mol with respect to Z dir , while S 2 measures the extent to which there is a preferential alignment of X mol vs. Y mol . Thus, S 2 represents the deviation from cylindrical symmetry of the molecular alignment relative to Z dir .
The choice of the simulations which reproduce better the spectra was based on low χ 2 values and good agreement between the details of the final simulated and experimental lineshapes. Good simulations also assured a low least squares error affecting the values of the optimized parameters, as specified in the Table footnotes.
Results
ESR experiments were performed on two sets of samples. In the first one, spin-labeled CyPLOS 6 was used, monitoring the effect of phospholipid bilayer on the ESR spectrum of the ionophore. In the second set of measurements, spin-labeled phosphatidylcholines were inserted in the membranes and the effect of unlabeled CyPLOS 2 on their ESR spectrum was monitored.
ESR study on spin-labeled CyPLOS in phospholipid bilayers
The ESR spectrum of the spin-labeled CyPLOS 6 was registered in a phosphate buffer and in DOPC:DOPG (95:5 wt/wt) bilayers, at different CyPLOS to phospholipid ratios. In the phosphate buffer the ESR spectrum shows the typical lineshape of isotropic fast motion, indicating that the label, attached at the terminus of a TEG tentacle, is fully exposed to the aqueous medium and relatively free to move (see Fig. 4 , spectrum A). The parameters derived from spectrum simulation are collected in Table 1 .
The presence of DOPC:DOPG liposomes strongly affects the ESR spectrum of spin-labeled CyPLOS. Indeed, a complex lineshape characterized by the superposition of two signals is observed (see Fig. 4 , spectra B-G): a fast motion spectrum, similar to that obtained for the CyPLOS in buffer, and a slow motion spectrum. This evidence indicates that the spin-labeled CyPLOS molecules are distributed between two different populations: one consisting of unperturbed molecules, dissolved in the aqueous medium, and the second one containing molecules directly interacting with the phospholipid bilayer. By subtracting the CyPLOS spectrum carried out in the phosphate buffer from those in DOPC: DOPG bilayers, we obtained the slow motion spectrum shown in Fig. 5 . This spectrum is independent of the CyPLOS to phospholipid ratio (see Fig. ESI 2) , and is characterized by a lineshape in which the central peak (M I = 0) has a lower intensity than the peak corresponding to M I = 1. The simulation procedure, according to the MOMD model, results in the spectrum shown in the same figure and in the parameters listed in Table 1 . Indeed, the asymmetry of the high-field nitrogen hyperfine coupling peak could indicate a possible multi-component spectrum. This could arise from the possibility, for CyPLOS molecules, to interact with the lipid bilayer in slightly different ways, i.e., assuming slightly different relative positions and/or orientations. However, in the quantitative analysis of the spectrum we have neglected this possibility, in order to reduce the number of adjustable parameters.
ESR spectroscopy allows the quantitative estimation of the partition coefficient of the labeled CyPLOS molecules between the lipid bilayer and the aqueous medium, defined as in [38] :
where X b is the molar fraction of bound CyPLOS per lipid and C f is the free labeled CyPLOS concentration. Thus, K app can be determined as the slope of the linear trend obtained by plotting X b vs. C f . A methodology for obtaining K app from ESR measurements is well established [39, 40] . The fraction of bound CyPLOS, f b , is calculated according to the relation:
where A(−1) f is the peak-peak amplitude of the high-field (M I = −1) line for the labeled CyPLOS free in solution (spectrum A in Fig. 4) . A(−1) b is the amplitude of the high-field line, evaluated at the location of "sharp" free component, for a fully bound CyPLOS (spectrum shown in Fig. 5 ). A(−1) x is the amplitude of the high-field line, evaluated at the location of the free component from the two-component spectra shown in Fig. 4 (B-G) . Before applying the methodology described by Eq. (3), the EPR spectra reported in Fig. 4 and Fig. 5 were normalized to have the same double integral (i.e., the same integral of the absorption spectra). Moreover, variations of the position of the spectra due to a possible change in resonance frequency of experiments were checked and eventually corrected. C f and C b , the concentration of membrane-bound CyPLOS, can be calculated from f b and the known CyPLOS concentration. Finally, X b can be calculated as the ratio of C b and the phospholipid concentration. Application of the method requires various measurements to be carried out at different CyPLOS to phospholipid ratios. In Fig. 6 the trend of X b vs. C f for spin-labeled CyPLOS in DOPC:DOPG liposomal samples is reported. The data show a linear trend, from which it is possible to evaluate K app = (390 ± 20) M −1 . However, a marked deviation from linearity is observed as C f increases, indicating possible cooperative CyPLOS binding, i.e., interactions among the bound CyPLOS molecules [40] . Indeed, ethoxylic chains have been found to show a tendency to segregate when participating, at a high concentration, to supramolecular aggregates [41, 42] . An analysis of the spectra reported in Fig. 4 by integration followed by deconvolution of the signals of free and bound labeled CyPLOS led to similar results.
ESR study on CyPLOS in spin-labeled phospholipid bilayers
Perturbations of DOPC:DOPG lipid bilayers due to the interaction with CyPLOS 2 were investigated by analyzing the ESR spectra of phosphatidylcholine spin-labeled on the n C-atom of the sn-2 chain (n-PCSL, n = 5, 7, 10, 14) incorporated in the membranes. n-PCSL spectra are shown in Fig. 7 . In all the considered samples, the CyPLOS/phospholipid molar ratio is 1:4, which in view of the K app reported above corresponds to a lipid bilayer containing about 1 CyPLOS molecule every 5 phospholipids. In the absence of the ionophore (continuous lines), a gradual lineshape change is evident going from the 5-PCSL spectrum, which shows a clearly defined axial anisotropy, to the three-line, quasiisotropic 14-PCSL spectrum. This is a characteristic hallmark of the liquid-crystalline state of fluid phospholipid bilayers [36, [43] [44] [45] [46] . A perusal of Fig. 7 reveals that, in the presence of CyPLOS, the spectra lineshapes do not change, an indication that even at the high CyPLOS to phospholipid ratio investigated the bilayer structure is preserved. However, the label anisotropic behavior is slightly reduced at all positions.
A quantitative investigation of lipid membrane perturbations due to CyPLOS is allowed by the analysis of the parameters deriving from spectra simulations. Exempla of simulated spectra are shown in Fig. 7 . All the fitting parameters are collected in Table ESI 1; the trends of some of them vs. the label position along the lipid acyl chain, n, are shown in Fig. 8 . The average nitrogen hyperfine coupling constant, 〈A N 〉, the perpendicular correlation time, τ ⊥ , and the order parameter, S 0 , decrease with increasing n. The parallel correlation time is quite low and the fitting is scarcely sensitive to this parameter. Finally, S 2 was found to be almost null in most cases.
An inspection of Fig. 8 shows that, in the presence of CyPLOS, 〈A N 〉 significantly increases at 5 and 7 positions of the acyl chain, while for the inner spin-labels it is almost unaltered. The ionophore also causes a τ ⊥ reduction at all spin-label positions, more evident in position 5. Finally, in the presence of CyPLOS, S 0 shows an average decrease of 30% for all the spin-labels.
Discussion
CyPLOS are recently proposed carbohydrate-based macrocycles having the glucoside units connected through 4,6-linked phosphodiester linkages. An amphiphilic CyPLOS (2, Fig. 2 ), carrying four tetraethylene glycol (TEG) tentacles, acts as good ion transporter through lipid bilayers [17] . This study aims at the comprehension of the molecular mechanism of action of this ionophore, as a necessary prerequisite for the design of novel, optimized bioactive compounds. In investigating the interaction of guest molecules with lipid bilayers, fluorescence and ESR of purposely labeled molecules have long been the alternative techniques of choice. Although other techniques not involving any chemical modification of the molecules under consideration are now available (e.g., solid state NMR), fluorescence and ESR continue to be widely exploited in the field. Indeed, both techniques furnish a wealth of information on the investigated samples. Fluorescent labels give information about the polarity of the environment in their vicinity, detected as a wavelength shift of the emitted light or as a change in the quantum yield; furthermore, the dynamics of the label can be determined from fluorescence anisotropy and lifetime measurements. On the other hand, spin labels used in ESR are sensitive to the polarity, microviscosity and structural order of the surrounding environment, which determines the lineshape of the spectrum; the spectral parameters obtained by the lineshape simulations allow a quantitative analysis of all these factors. In both fluorescence and ESR investigations, perturbations of the system behavior due to the label insertion have to be accounted for. From this viewpoint, cyclic nitroxides, usually employed as spin labels in ESR experiments, appear much less invasive than the aromatic tags used as labels in fluorescence spectroscopy. On the other hand, they are more sensitive to the exposure to the various reaction conditions, mainly the basic treatments, in many cases necessary for the synthesis and/or purification of the labeled compounds.
In order to investigate the interactions of the CyPLOS ionophore 2 with phospholipid bilayers, its spin-labeled analog 6 (Scheme 1) has been synthesized and compared with the previously studied fluorescent derivative 3 (Fig. 2 ). For the reasons discussed above, two different synthetic strategies have been adopted. In the case of 3, the single monosaccharide could be derivatized with dansyl in an early step of the synthesis; the fluorescently labeled monomeric building block was then coupled with another suitably protected monosaccharide, the resulting linear dimer was circularized and, successively, deprotected at the phosphates through standard basic treatments [18] . In contrast, the synthesis of 6 required an alternative synthetic strategy, reported in Scheme 1, based on the insertion of the radical reporter probe in the final step, so to avoid its contact with the basic solutions necessary for the phosphate deprotection. This route involved a notably less efficient post-synthetic condensation occurring directly on the fully deprotected cyclic molecule [19] .
In the phosphate buffer, CyPLOS 6 shows the typical ESR spectrum of freely tumbling molecules. The 〈A N 〉 value for CyPLOS 6 in this buffer is (17.0 ± 0.2) G, a value remarkably close to that observed for the protonated form of the spin label TEMPO-carboxylic acid, (17.06 ± 0.02) G [47] . This means that at the considered concentration the spin labeled ionophore is present as unimer and that the final parts of the TEG chains are fully exposed to the aqueous medium. The relatively low τ C value also indicates that they are free to move [48] . Thus, our results indicate that, at the considered concentration, CyPLOS in the phosphate buffer behaves as a floating jellyfish, with the tentacles randomly pointing in different directions.
In the presence of DOPC:DOPG (95:5 wt/wt) bilayers the CyPLOS 6 ESR spectrum shows evident changes due to the ionophore/ membrane association. Quantitative analysis of ESR spectra of CyPLOS 6 registered at increasing lipid concentration puts in evidence a significant tendency of the ionophore to partition in the membrane environment (K app = (390 ± 20) M −1 ). The interaction occurs mainly with 6 in monomeric form, even though with increasing the ionophore/lipid ratio possible interactions among the membranebound CyPLOS 6 molecules are detected.
An analysis of the parameters derived from the simulation of the ESR spectrum of the membrane-bound CyPLOS 6 allows a detailed investigation on the interaction mechanism. The 〈A N 〉 value, (15.4 ± 0.2) G, is similar to that observed for TEMPO-carboxylic acid in a polar solvent such as CCl 4 , (15.45 ± 0.02) G [47] , indicating a deep insertion of the TEG tentacles in the membrane inner core.
The order parameters provide information on the relative preferential orientation of the label with respect to the lipid bilayer. Overall, both S 0 and S 2 assume small values, indicating that the TEG chains, when inserted in the membrane inner core, assume a very disordered conformation. The negative S 0 value indicates the alignment of Z mol along Z dir (the normal to the bilayer surface) to be unfavorable [33, 36] . Thus, the label tends to be oriented with the N\O bond perpendicular to the average lipid acyl chain alignment, disturbing their packing. The bending of the terminal appendages is allowed by the flexibility of CyPLOS tentacles. The positive S 2 value indicates a significant preference of X mol , with respect to Y mol , to be aligned along Z dir [35] . Thus, the TEMPO moiety tends to be oriented in parallel to the average acyl chain alignment.
In the membrane, both τ ∥ and τ ⊥ are larger than τ C in a buffer, confirming the insertion of the label in the more viscous bilayer interior. The reorientational motion of the label is weakly, but significantly, anisotropic. Particularly, τ ∥ is lower than τ ⊥ , showing the rotation around Z mol to be faster than other possible rotations. This result clearly indicates that the nitroxide radical presents an amplitude of the "rotation" motion greater than that of the "flapping"/"cutting" motions [35] . However, these two motions are not completely hindered, and particularly, because of the TEMPO moiety orientation in the bilayer, the cutting is presumably preferred.
Indeed, penetration of oligo(ethylene glycol) or similar chains into lipid bilayers is a common motif of effective ionophores, such as the benzothiazole aniline derivatives recently proposed by Mayer and coworkers [49] , and the modified cyclodextrins described by Gin's research group [11] . In both cases, the authors reported evidence that the inserted chains self-assemble forming a well-structured pore through which ions can be transported. In contrast, our data indicate that the CyPLOS TEG chains keep a good mobility and flexibility, excluding the possibility of their self-organization within the bilayer leading to the formation of a rigidly structured ion channel. Thus, we conclude that oligo(ethylene glycol) chains can play different roles in different ionophores, the prevailing mode of action being regulated by the other moieties present in the molecule.
It is interesting to highlight here that the previously investigated fluorescently-tagged CyPLOS 3 gave different indications on the deepness of the TEG chain penetration in the lipid bilayer [18] . Indeed, the TEG chains bearing the dansyl group at the termini were found to fold in such a way that the terminal fluorescent group remains just underneath the lipid headgroups. In this respect, it can be argued that the much bulkier fluorescent tag dansyl could affect the CyPLOS interaction properties to a greater extent than the TEMPO spin label.
One of the main advantages of the ESR technique in investigating a multi-component system is the possibility to alternately label different components, thus furnishing different "viewpoints" on the system behavior. In a different set of measurements we have investigated the effect of the unlabeled CyPLOS 2 on the ESR spectra of spin-labeled phosphatidylcholine inserted in DOPC:DOPG bilayers. For all spin-labeled lipids, S 0 and τ ⊥ decrease in the presence of the ionophore. This indicates that the CyPLOS molecules induce a disorder in the acyl chain packing, and an increase of the chain segmental dynamics, along the whole profile of a lipid leaflet. Furthermore, the average nitrogen hyperfine coupling constant, 〈A N 〉, increases at positions 5 and 7 of the acyl chains, indicating that the insertion of the CyPLOS molecules causes an increment of the local polarity experienced by the spin label. The extent of 〈A N 〉 variation suggests that the increase in local polarity is, at least partially, a consequence of a deeper penetration of water molecules into the bilayer [47] . In this context, an A zz increase would also be expected, as reported in a large body of literature [50] . This seems to be not confirmed by the parameters reported in Table ESI 1. Indeed, the variations of these parameters are not necessarily correlated: while 〈A N 〉 is determined by the contact interaction of the s-electron density on the nitrogen atom of the nitroxide label, the anisotropy is ruled by the dipolar interaction of the p-electron density [51] .
Conclusions
The experimental results reported in this work allow a detailed elucidation of the CyPLOS/membrane interaction mechanism. The saccharide moieties of the ionophore, carrying the anionic phosphate groups, remain anchored at the lipid bilayer interface, while the flexible TEG tentacles are deeply inserted among the lipid acyl chains. This causes a two-fold effect on the bilayer: a deeper penetration of water molecules into the bilayer and a decrease of the lipid structural order. While the former effect seems limited to the more external part of the acyl chains (up to n b 10), the latter one involves the entire profile of the exposed lipid leaflet. The overall TEG chain length is clearly insufficient to span the whole double layer. However, the disorder in the CyPLOS-interacting leaflet can generate a bilayer asymmetry that results in the local destabilization of the entire membrane. This process, joined to the presence of some water molecules within the bilayer profile, could allow small ions to pass through the membranes. Thus, CyPLOS derivatives operate ion transport through a totally nonspecific mechanism that seems to be mainly regulated by the dehydration cost of the single ions, not necessarily involving any direct ion-ionophore interaction.
Based on the acquired knowledge, further studies are currently in progress for the design and synthesis of a second generation of amphiphilic CyPLOS analogs. Optimization of the ionophore activity of these macrocycles will be mainly expected from elongation of the oligo(ethylene glycol) chains and higher diversification of the appended terminal groups.
